membrane sculpts the membrane into a vesicle for cargo transport from the ER to the cis Golgi.
Introduction
Congenital dyserythropoietic anemia type II (CDAII) is a form of hereditary anemia characterized by the presence of bi-or multinuclear erythroblasts in the bone marrow. Clinically, patients present with typical symptoms associated with hemolytic anemia of variable degree, erythroid hyperplasia, splenomegaly, gallstones and iron overload. [1] [2] [3] Other characteristic features of CDAII include erythrocytes with hypoglycosylated membrane proteins including band 3, and the glucose transporter Glut1 [4] [5] [6] [7] and a "double plasma membrane" due to residual endoplasmic reticulum, that stains positively for endoplasmic reticulum (ER) protein markers GRP78, calreticulin and protein disulfide isomerase (PDI). 8 The stage at which the characteristic features of CDAII observed in patients' erythrocytes manifest during erythropoiesis is currently unknown.
In 2009, the SEC23B gene, encoding the COPII coat component, was identified as the causative gene for CDAII by different approaches. 9, 10 Since then approximately 60 different causative mutations have been described along the gene including missense, nonsense, deletion and splice site mutations; 11 the missense mutations affecting highly conserved residues in multiple domains of SEC23B. [9] [10] [11] [12] [13] [14] [15] [16] [17] The defect is transmitted as an autosomal recessive trait; in almost all patients, mutations are detected at homozygous or compound heterozygote level. The coexistence of two severe nonsense mutations has never been described suggesting that this condition is most likely lethal.
SEC23 exists as two isoforms (SEC23A and SEC23B) encoded by two different genes, which form the first tier of the COPII coat complex alongside SEC24 (which exists as four isoforms). The multimeric COPII coat is comprised of five key subunits including the small GTPase SAR1, the SEC23-SEC24 inner coat complex and the SEC13-SEC31 outer coat complex. The COPII coat assembles at specialized exit sites on the ER where GTP bound active SAR1 inserts into ER membranes and recruits the inner SEC23-SEC24 coat via its interaction with SEC23. SEC24 interacts with the cytoplasmic domain of cargo proteins and the cargo bound SAR1-SEC23-SEC24 complex recruits SEC13-SEC31 heterotetramers to assemble a protein coat. 18 Coat assembly on the ER Congenital dyserythropoietic anemia type II is an autosomally recessive form of hereditary anemia caused by SEC23B gene mutations. Patients exhibit characteristic phenotypes including multinucleate erythroblasts, erythrocytes with hypoglycosylated membrane proteins and an apparent double plasma membrane. Despite ubiquitous expression of SEC23B, the effects of mutations in this gene are confined to the erythroid lineage and the basis of this erythroid specificity remains to be defined. In addition, little is known regarding the stage at which the disparate phenotypes of this disease manifest during erythropoiesis. We employ an in vitro culture system to monitor the appearance of the defining phenotypes associated with congenital dyserythropoietic anemia type II during terminal differentiation of erythroblasts derived from small volumes of patient peripheral blood. Membrane protein hypoglycosylation was detected by the basophilic stage, preceding the onset of multinuclearity in orthochromatic erythroblasts that occurs coincident with the loss of secretory pathway proteins including SEC23A during erythropoiesis. Endoplasmic reticulum remnants were observed in nascent reticulocytes of both diseased and healthy donor cultures but were lost upon further maturation of normal reticulocytes, implicating a defect of ER clearance during reticulocyte maturation in congenital dyserythropoietic anemia type II. We also demonstrate distinct isoform and species-specific expression profiles of SEC23 during terminal erythroid differentiation and identify a prolonged expression of SEC23A in murine erythropoiesis compared to humans. We propose that SEC23A is able to compensate for the absence of SEC23B in mouse erythroblasts, providing a basis for the absence of phenotype within the erythroid lineage of a recently described SEC23B knockout mouse. The two SEC23 isoforms SEC23A and SEC23B share 85% amino acid sequence identity and are ubiquitously expressed, 23 albeit at different levels. This differential expression, along with the existence of multiple isoforms of the other coat proteins such as SAR1 and SEC24, is thought to provide a combinatorial diversity to cargo selection and transport that is tissue specific. 24 Mutations in genes encoding several COPII components cause human disease. [25] [26] [27] These diseases generally occur in cells with a specific requirement for protein transport and delivery. The confinement of the effects of SEC23B mutations to the erythroid lineage, therefore, implies an essential role for this COPII coat component in normal development of the erythrocyte. Intriguingly, a SEC23B knockout mouse model did not reproduce the human disease phenotype suggesting species differences in the roles or regulation of the SEC23 proteins between humans and mice. 28 In this study, we use an in vitro erythroid cell culture system to expand and differentiate erythroblasts derived from peripheral blood mononuclear cells of 3 CDAII patients to monitor the appearance of characteristic phenotypes associated with this disease during erythropoiesis. This enabled us to establish a temporal profile by which the phenotypes observed in CDAII patient erythroblasts and erythrocytes in vivo manifest during terminal erythroid differentiation. By comparing the expression of SEC23 protein isoforms during terminal differentiation in both human and mouse erythroblasts, we demonstrate erythroblast stage and species specific differences in expression of the respective SEC23 isoforms, which potentially explains the species and lineage specific phenotype observed in the presence of SEC23B mutations in human CDAII patients.
Methods

Antibodies
Mouse monoclonal antibodies used were BRIC170 (band 3; IGBRL, Bristol, UK) and PDI (Assay Designs). Rabbit polyclonal antibodies to RhAG, Glut1, GPA, CD47, 29, 30 SEC24C, 31 SEC24D 32 and SEC31A 31 were available in house. Anti-mouse band 3 was from Prof. Carsten Wagner (University of Zurich), anti GM130 (BD Transduction), anti-GAPDH (Santa Cruz) and anti-GRP78 (Sigma). Initial antibodies against SEC23A and SEC23B were from Prof. Randy Schekman (University of California). Novel isoform specific purified polyclonal antibodies were generated for SEC23A, SEC23B, SEC24A and SEC24B. Synthetic peptide sequences used are listed in Online Supplementary Methods. Secondary antibodies were Alexa-488™ or Alexa594™ conjugated goat anti-mouse or anti-rabbit (Life Technologies) for immunofluorescence and HRP-conjugated rabbit anti-mouse and swine anti-rabbit (DAKO) for immunoblotting. Figure S1 shows as an example the characterization of the erythrocytes of 2 of the CDAII patients.
Donor and patient blood
Isolation and expansion of human peripheral blood mononuclear cells
Erythroblasts derived from peripheral blood mononuclear cells were isolated, expanded and differentiated as previously described 29, 33, 34 for initial experiments and then subsequently modified according to Bell et al.
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Preparation of erythrocyte ghosts and erythroblast lysates
Erythrocyte ghosts and erythroblast lysates were prepared from donor and patient cells as previously described. 30, 36 Samples were snap frozen in liquid nitrogen and stored at -80°C until use. Immunoblotting using tomato lectin is described in the Online Supplementary Methods.
Culture of mouse primary fetal liver erythroblasts
Primary fetal liver erythroblasts isolated from C57BL/6 Day E12-13 mice were isolated and cultured as previously described. 37 The immortalized erythroid cell line II-3 was generated from fetal liver cultures as previously described.
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Cytospins and immunofluorescence
Erythrocytes or erythroblasts were cytospun and stained with May Grünwald Giemsa stains or processed for immunofluorescence as previously described. 34 Reticulocyte imaging is described in the Online Supplementary Methods.
Transmission electron microscopy
Electron microscopy was conducted on cultured erythroblasts or erythrocytes as described in the Online Supplementary Methods.
Results
Mapping the temporal onset of the CDAII Multinuclear Phenotype using in vitro culture
To determine the stage at which the characteristic phenotypes associated with CDAII manifest during erythropoiesis, erythroblasts derived from peripheral blood mononuclear cells (PBMCs) of healthy donors and from patients with CDAII arising from mutations in the SEC23B gene were expanded and synchronously differentiated. Figure 1A shows representative differentiation courses from 3 patients with CDAII alongside a healthy donor control. No obvious morphological disruption or differences in proerythroblasts or basophilic erythroblasts were observed between 3 CDAII patients and 4 control samples up to 72 h of differentiation. In all CDAII patient cultures, multinuclear erythroblasts were most evident from the 72-96 h time point onwards at the late polychromatic and orthochromatic erythroblast stages (see Online Supplementary Figure S2 
Defective glycosylation precedes the onset of multinuclearity during CDAII erythropoiesis
Erythrocyte membrane protein hypoglycosylation is a defining characteristic of CDAII (Online Supplementary
Phenotypes associated with congenital dyserythropoietic anemia haematologica | 2013; 98(11) Figure S1 ). To determine the stage at which hypoglycosylation is first evident during erythropoiesis, proerythroblasts from 2 CDAII patients (R190X/S603L and R14W/R554X) and from healthy donors were differentiated and lysates collected at 24-h intervals. Immunoblots were conducted to assess glycosylation of the erythroid specific membrane protein band 3, hypoglycosylation of which is used as a diagnostic marker of CDAII. Figure 2 shows there is hypoglycosylation of band 3 from the onset of its synthesis in basophilic erythroblasts (T24-T48) that was maintained throughout terminal erythroid differentiation. Tomato lectin detects the presence of polylactosamines (complex glycosylation) and can be used to detect gross differences in glycosylation between control and CDAII erythrocytes 39 (see Online Supplementary Figure  S3A ). Reduced tomato lectin binding to proteins from CDAII patient erythroblast lysates relative to control was detected within 24-48 h of terminal differentiation in 2 patients and this difference persisted throughout terminal differentiation (see Figure 2B for R190X/S603L throughout terminal differentiation and Online Supplementary Figure  S3B for R14W/R554X and R190X/S603L again).
Loss of ER occurs during enucleation and after additional reticulocyte maturation
Another key feature of CDAII erythrocytes is the appearance of an apparent double plasma membrane as observed by electron microscopy, which is comprised of residual ER illustrated by its labeling by antibodies to ER proteins such as PDI. 8 Intriguingly, no obvious double membrane structures could be observed in our late stage CDAII cultured erythroblasts by light or electron microscopy (data not shown) although the double membrane was evident in mature erythrocytes taken from CDAII patient peripheral blood samples (Online Supplementary Figure S1) .
We recently reported that the bulk of ER proteins are lost with the extruded nucleus during enucleation. However, some ER remnants persist in the nascent reticulocyte that may be lost later during reticulocyte maturation. 35 To establish whether the residual ER in erythrocytes from CDAII patients (see Online Supplementary Figure  S1) originates from a failure of ER to partition correctly during enucleation, enucleating orthochromatic erythroblasts from CDAII patient cultures were labeled with antibodies specific for band 3 and PDI and examined using confocal microscopy. Online Supplementary Figure S4A (top and middle panels) shows PDI partitioning with the extruding nucleus in control patient samples, which is comparable to that in CDAII orthochromatic erythroblasts (bottom panel).
Post enucleation, nascent reticulocytes generated from Figure S4B) . To determine whether PDI is further lost upon reticulocyte maturation, control and the R14W/R554X patient reticulocytes were allowed to mature for an additional three days in culture. Figure 3A shows that PDI labeling was lost in a proportion of reticulocytes from both healthy donor and CDAII patient cultures. This is consistent with our observation that CDAII patient peripheral blood samples contain a majority of erythrocytes with no PDI immunoreactivity (82-87% for splenectomized patients and 95-97% in unsplenectomized CDAII patient peripheral blood samples; Online Supplementary Figure S1D) . These ER remnants were largely lost in healthy donor reticulocytes that have passed through a leukofilter, a process which isolates mainly mature reticulocytes 34, 40 ( Figure 3B ). Leukofiltration of CDAII patient reticulocytes was not possible due to the minimal material available, however, the presence of residual ER in a proportion of erythrocytes is already an established feature of this disease 8 (Online Supplementary  Figure S1 ).
SEC23 Isoform expression during erythropoiesis
The reason why mutations within the ubiquitously expressed SEC23B gene are confined specifically to the erythroid lineage in CDAII patients is unknown. One possibility is that a specific role exists for SEC23B within erythroid cells that is not conserved in other cell types. Alternatively, reduced expression of the functionally redundant SEC23A during erythropoiesis could account for erythroid specific phenotypes observed in the presence of mutated SEC23B, in a manner analogous to the tissue specificity observed in Cranio Lenticulo Sutural Dysplasia 25, 26 where mutations in SEC23A coincide with relatively low levels of SEC23B expression in calvarial osteoblasts.
To investigate this, we analyzed the protein expression profile of the two SEC23 isoforms during normal human terminal erythroid differentiation from proerythroblasts to reticulocytes using SEC23 isoform specific antibodies generated and characterized in house (see Online  Supplementary Figure S5) . Figure 4A shows that although the expression of both SEC23 isoforms decreases during human terminal erythroid differentiation, there is a distinctive expression profile for each isoform during this process. This is consistent with the available human mRNA expression profile during in vitro erythropoiesis 41 (Online Supplementary Figure S6 ). SEC23B expression remains detectable throughout the process of erythropoiesis albeit reduced in the later stages of differentiation relative to that in pro/basophilic erythroblasts ( Figure 4A ). This is consistent with the detection of SEC23B by proteomics in erythrocytes. 10, 42 Strikingly, a rapid drop in Figure 1A) , a point at which other proteins that comprise the secretory pathway, e.g. the cis-Golgi matrix protein GM130, are also lost ( Figure 4B ). Expression of other COPII coat proteins known to interact with SEC23, including multiple isoforms of SEC24 (SEC24A-D) and SEC31A, was also differentially lost during terminal erythroid differentiation ( Figure 4B ). Immunoblotting of cell lysates from the (R190X/S603L) CDAII patient culture, with antibodies to SEC23A and SEC23B shows that the temporal expression profiles of both SEC23 isoforms remain unaltered between control and CDAII erythroblast samples throughout differentiation, with SEC23A expression again dropping to below detectable levels after 72-96 h of differentiation and expression of mutant SEC23B maintained throughout terminal differentiation (see Figure 2A and Online Supplementary Figure S3C for R14W/R554X). SEC23A protein expression levels are not up-regulated in CDAII erythroblasts to compensate for SEC23B. In contrast, SEC23B expression levels are reduced to ~50% in proerythroblasts and there is further reduction (to <30%) during subsequent differentiation in the CDAII sample (R190X/S603L). This reflects the S603L protein expression as R190X truncation mutant would not be detected using our antibody. A similar reduction in expression of R14W/R554X patient full length SEC23B was observed reflecting expression of the R14W allele (Online Supplementary Figure S3) . Expression of the truncated R554X product was not detected (data not shown).
SEC23A expression is maintained throughout murine erythropoiesis
A recently published SEC23B knockout mouse model 28 failed to recapitulate the erythroid phenotypes observed in CDAII patients with SEC23B mutations. To determine whether different expression profiles of the SEC23 isoforms in human and mouse erythropoiesis could underlie the absence of phenotype within the SEC23B knockout mouse, we studied the expression profile of these isoforms in murine erythroblasts. Importantly, the corresponding regions of human and mouse protein sequences to which our in-house SEC23 isoform specific antibodies are raised, are completely conserved for SEC23A and differ minimally for SEC23B (3 of 24 amino acid residues). Therefore, using these antibodies we investigated the expression profile of SEC23A and B in murine erythroblasts using an immortalized erythroblast cell line 38 and primary fetal liver erythroblasts. The immortalized erythroblasts were synchronously differentiated and cell lysates collected every 24 h over the 5-day period of murine erythroblast differentiation (see Figure 5A and Online Supplementary Figure S7 for cytospins and flow cytometry data). Figure 5 shows a gradual decrease in the expression of SEC23B similar to that observed in human erythropoiesis, with SEC23B still detectable in late stage orthochromatic erythroblasts and reticulocytes. Unlike in humans, SEC23A expression is maintained throughout murine erythroid differentiation, with only a small reduction in protein levels evident during erythropoiesis. Similar results were obtained using primary cell erythroblasts isolated from fetal liver of wild-type mice (C57BL/6) ( Figure 5B ), by using a second independent murine erythroblast cell line and erythroblasts derived from wild-type mouse bone marrow (data not shown). These data are consistent with the available murine bone marrow mRNA expression data 43 (Online Supplementary Figure S6) . Figure 3 . PDI is lost in normal mature reticulocytes and in a proportion of CDAII reticulocytes. (A) Control and CDAII patient reticulocytes were separated from erythroblasts and extruded nuclei, using a 3 μm polycarbonate filter and then allowed to mature in culture for an additional 72 h in differentiation medium containing 10% AB serum. The reticulocytes were then processed for immunofluorescence, using a rabbit glycophorin A antibody to label plasma membrane and a monoclonal PDI antibody to image ER remnants, which were detected using suitable secondary antibodies. Multiple sections were taken and the cell projection view is shown. Scale bar is 5 μm. (B) Three independent cultures of 300-450 million in vitro cultured reticulocytes that had been cultured for at least 24-h were filtered using a Leukofilter to isolate mature reticulocytes. 1x10 6 orthochromatic erythroblasts (from T120) and mature reticulocytes from the 3 cultures were subjected to SDS PAGE and immunoblotted using band 3 (Bric170), GRP78 and PDI antibodies. 
Discussion
Although the genetic basis for the human CDAII phenotype is now firmly established, detailed studies of the phenotypes arising from these mutations and their appearance during erythrocyte development are limited. Similarly, the question of why impairment of SEC23B expression or function results in an erythroid specific phenotype remains to be resolved. The scope of such investigations is however limited by the requirement to study the lineage specific effects of such mutations within a primary erythroid cell context, our current inability to fully mimic the bone marrow microenvironment and by the inherent technical difficulties of culturing dyserythropoietic cells.
In this study, we have successfully characterized the onset of key erythroid specific phenotypes associated with mutations in SEC23B. Furthermore, we report for the first time protein expression profiles of multiple COPII core coat component proteins during human erythropoiesis; importantly demonstrating a loss or reduction of both SEC23A and SEC23B during this process. We show that despite reducing levels, SEC23B is expressed throughout erythropoiesis, whereas SEC23A expression is lost by the early orthochromatic stage (approx 72-96 h of differentiation). Our findings are consistent with the increased ratio of SEC23B:SEC23A transcript observed previously in differentiated CD34 + cells. 9 Thus analogous to Cranio Lenticulo Sutural Dysplasia, 25, 26 CDAII likely arises specifically during erythropoiesis because of the abundant SEC23B and rapidly reducing SEC23A expression profile during this process.
Membrane protein hypoglycosylation precedes the appearance of multinuclear erythroblasts in CDAII patient erythroblast culture
Our results demonstrate for the first time that a glycosyPhenotypes associated with congenital dyserythropoietic anemia haematologica | 2013; 98(11) Figure 5 . SEC23A expression is maintained during murine terminal erythroid differentiation. 1x10 6 differentiating erythroblasts were removed from culture of (A) immortalized erythroblast cell line (II-3) or (B) primary fetal liver-derived mouse erythroblasts. Cytospins were prepared and stained with Giemsa dye and neutral benzidine. Cells were lysed, proteins separated by SDS PAGE and immunoblotted with rabbit antibodies to SEC23B, SEC23A, GAPDH and band 3. T0 T24 T48 T72 T96  T0 T24 T48 T72 T96   T0  T48  T96  T0  T24  T36  T72   T0 T24 T48 T72 T96 T120 T144 T168   T0 T24 T48 T72 T96 T120 T144 T168   SEC23B   SEC234   GAPDH   SEC24A   SEC24B   SEC24C   SEC24D   SEC31A   GM130   72   72 lation defect is detectable early (basophilic stage) during the process of terminal erythroid differentiation. It remains unknown why a glycosylation defect manifests specifically in erythroblasts at this stage where both SEC23B and SEC23A are present but not in other cell types. However, it is notable that at this stage during erythropoiesis the expression of SEC23A, although not lost, is reduced relative to undifferentiated erythroblasts, resulting in an increased SEC23B/SEC23A protein ratio that could explain a dose-dependent glycosylation defect in the presence of mutated SEC23B protein. During the early stages of terminal differentiation, there is a significant secretory pathway burden whereby expression of erythroid specific proteins increases dramatically and must be delivered to the plasma membrane. 29, 34 Thus this work suggests that there is an important role for SEC23B in general COPII mediated trafficking or in the transport of cargo with function specific to the erythroid cellular context that cannot be completely compensated by the decreasing levels of SEC23A.
It is also notable that the appearance of multinuclear cells in culture of CDAII patient derived erythroblasts is coincident with the loss of SEC23A expression at the early orthochromatic erythroblast stage of erythropoiesis. This observation is consistent with earlier reports from EM studies of bone marrow aspirates in which early erythroblasts appear unaffected but are bi/multinucleate at the later developmental stages. 1, 44, 45 An attractive hypothesis is that loss of compensation for the mutated SEC23B through the functional redundancy of SEC23A at this stage of differentiation, could account for the appearance of these multinuclear cells at this stage. However, we cannot currently discount a role for mutant SEC23B protein in the multinuclear phenotype. SEC23B was identified in a proteomic screen of midbody components in CHO cells, 46 however, there is no direct evidence that it plays an active role in assembly or deconstruction of the midbody. It is nevertheless possible that SEC23B is required for transport of a specific cargo important for efficient cytokinesis in erythroblasts, which needs to be down-regulated during cell cycle arrest in differentiation. An alternative explanation is that the multinuclear phenotype is secondary to the aberrant glycosylation of specific proteins required for some unknown aspect of cell division leading to defects in this tightly controlled process. In support of this, Fukuda et al. 47 found that the in vitro treatment of cultured erythroblasts with α mannosidase inhibitors resulted in the appearance of erythroblast multinuclearity and the α mannosidase II knockout mouse exhibits a dyserythropoietic phenotype. 48 
Clearance of ER proteins occurs both during and post erythroblast enucleation
The ER origin of 'double membranes' in the erythrocytes of CDAII patients was established by immunoblotting of erythrocyte ghost proteins and immunoelectron microscopy of these inner membranes with antibodies to ER markers. 8 Within the small number of representative CDAII patient blood samples that we used in the current studies, we have found this ranges between 13-18% for splenectomized patients and 3-5% in unsplenectomized patient samples. It is likely that this discrepancy can be accounted for by splenic sequestration/clearance of PDI positive erythrocytes from the circulation. However, further studies incorporating additional CDAII patient peripheral blood samples are needed to confirm this.
We have shown that the bulk of the ER partitions with the nucleus during enucleation in normal and CDAII erythroblasts but some remaining ER remnants are detectable in reticulocytes from both cell sources after the enucleation process. Importantly, we have also demonstrated that the residual ER remnants are normally lost upon additional maturation in culture of healthy donor reticulocytes (see Figure 3B ). This corroborates our recent suggestion that clearance of the residual ER membrane continues post erythroblast enucleation. 35 This ER clearance nevertheless appears to occur effectively in a proportion of in vitro cultured CDAII patient reticulocytes and this is consistent with presence of PDI negative erythrocytes observed in these patients. These observations now raise the possibility that reticulocyte maturation is a stage at which defective SEC23B function can result in erythrocyte ER protein retention, potentially explaining both the residual ER observed in a proportion of CDAII patients' erythrocytes and the prolonged expression of SEC23B in erythropoiesis. Further work is necessary to determine whether there is a delay or an actual disruption of reticulocyte maturation in a proportion of CDAII patients' reticulocytes. Reticulocyte maturation involves both autophagy and exosome release 40 and interestingly, mutations in yeast Sec23, Sec24 and Sec16 cause defective autophagy, which is independent of their role in ER to Golgi transport. 49 It is possible that SEC23B deficiency or the presence of mutant SEC23B in human erythroblasts disturbs an aspect of autophagy or ER clearance either directly or indirectly. However, a gross disruption of autophagy in CDAII patients is unlikely since the removal of other cellular organelles by autophagy (e.g. mitochondria) is unaffected.
It should be noted that previous reports have documented the appearance of 'double membranes' in EM images of nucleated erythroblasts taken from bone marrow aspirates of CDAII patients. 1, 44, 50, 51 We saw no evidence of these structures in our in vitro cultured erythroblasts from the specific CDAII patient's peripheral blood samples we obtained. One possible explanation is that erythroblasts exhibiting this aspect of the disease phenotype do not persist outside of the protective microenvironment of the bone marrow. Hence the possibility remains that all the CDAII reticulocytes produced by in vitro culture will eventually lose their ER remnants or that CDAII mutations cause disruption of ER earlier in erythropoiesis in a subset of cells in a process not recapitulated here under in vitro culture conditions. Recently, the absence of an erythroid phenotype in SEC23B knockout mice was reported 28 in contrast to the human erythroid specific CDAII phenotype. Our observation here of perdurance of SEC23A during murine erythropoiesis could explain the absence of erythroid phenotype in these mice, 28 with SEC23A able to complement the SEC23B deficiency in the knockout model. Thus it is possible that in mice, SEC23A may completely compensate for loss of SEC23B throughout erythropoiesis or alternatively trafficking in mouse erythroblasts could be more SEC23A orientated from the start due to SEC23A possessing similar functional properties to SEC23B in mice. The possibility that expression of a mutated SEC23B, allied to the absence of wild-type expression, as observed in CDAII patients is required to recapitulate the disease phenotypes also remains. Further dissection of the regulation pathways and species differences involved may provide fur-ther insight into the precise roles played by SEC23 isoforms in erythroid cells of both species.
Conclusion
This study widens our understanding of the different functions that the SEC23B isoform of the COPII coat plays in the specialized development of the erythrocyte. By culturing erythroblasts derived from CDAII patients we have begun to establish the temporal order in which the characteristic phenotypes observed in patient erythrocytes manifest during terminal erythroid differentiation. We have shown that: 1) the loss of SEC23A in early orthochromatic erythroblasts is coincident with the appearance of multinuclear cells in CDAII patient erythroblasts cultured in vitro; 2) impaired glycosylation of membrane proteins precedes the loss of detectable SEC23A suggesting that it is most likely due to the reduction in SEC23A observed during terminal differentiation and/or that SEC23A cannot fully compensate for reduced/defective SEC23B in erythroblasts; 3) the clearance of ER remnants continues post enucleation during normal reticulocyte maturation suggesting that retention of ER remnants may result from a delay in reticulocyte maturation or defective ER clearance; and finally, 4) expression of SEC23 isoforms during erythropoiesis differs between mice and humans. This striking species difference offers one possible explanation for the absence of phenotype in erythroid cells of a recently described SEC23B knockout mouse. 
